ABSTRACT This paper investigates the use of a dc collection grid in offshore wind farm; the dc grid is built out by a ''radial connection of active rectifiers.'' The proposed active rectifier topology consists of a three-phase half-controlled switch voltage source converter (VSC) cascaded with a single active bridge dc-dc converter. The proposed wind farm configuration is further compared to the recent development of a dc collection grid technology for wind farms. In fact, the majority of dc collection grids for wind farms are built out with the ring feeder configurations; also, most of the wind energy conversion units integrate the conventional full-bridge VSC. The comparison is done in terms of power loss, cost, voltage/current ripple, power factor, and control performance. Simulation results, using Power Simulator software, illustrate the performances obtained.
I. INTRODUCTION
All existing wind generating power plants feature an internal AC collection grid with either AC or DC transmission system to utility grid. Actually, there are no operational DC collection grids for wind farms; only theoretical and smallscale prototypes are being investigated worldwide. Therefore, a suitable configuration of a DC collection grid for wind farm, which has been practically verified, is not available yet. Technically, an offshore wind power plant with internal AC collection grid is constructed with aggregation of AC wind energy conversion units (WECUs); each WECU include a wind-turbine with mechanical parts (wind-turbine blades, shaft and gearbox), a generator (doubly fed induction generator (DFIG), or permanent magnet synchronous generator (PMSG), or squirrel-cage induction generator (SCIG)), and a huge 50-or 60-Hz power transformer.
For an offshore wind farm with internal DC collection grid, the power transformers in the WECUs are replaced by the power converters or rectifiers. Of course, a rectifier is needed in each WECU for the AC to DC signal transformation. Furthermore, the power converters perform the following tasks: power conditioning to provide control of the frequency or speed of the wind-turbine-generator, voltage, and torque; power compensation to enhance the voltage/angle stability; and power filtering to inject (or absorb) specific signal components for power quality. The power converter uses smaller numbers of magnetic components compared to the power transformer of a similar power rating, thus reducing the size and weight of the WECUs, and hence reducing the offshore wind farm structure.
In fact, the use of internal AC collection grid in wind farms, instead of DC collection systems, is usually motivated by the availability of control and protection devices. Efficient and cost-effective control and protection devices for DC grids have already been addressed and this may not be a problem anymore. Majority of wind power plants with internal DC collector systems theoretically investigated are built out with the series (or ring) feeder configurations, e.g. in [1] and [2] ; the key motivation for using the ring feeder configurations is that an expensive offshore platform is not required, the DC voltage high enough for the transmission line is built up by the series connection of WECUs. The drawback with this configuration is that the series-connected converters (or rectifiers) must have the ability to operate towards a very high voltage. This is due to the fact that if one WECU fails to hold the output DC voltage and therefore does not feed out energy, the other WECUs must compensate for this by increasing their output voltage.
An illustration of a DC collection grid for wind farm built out using the ''series-or ring feeder configuration'' FIGURE 1. Most employed architecture of a DC collection grid for wind farm: (a) DC collection grid built out using the series connection of converters (or active rectifiers), (b) most employed topology of a wind energy conversion system integrating a conventional three-phase VSC and a SAB DC-DC converter.
is shown in Fig. 1a [2] . The interface between the windturbine-generators and HVDC link is provided through the ''series-connected active rectifiers''. There are two types of active rectifier for WECUs, namely: those integrating a medium/or high frequency transformer and those with no high/or medium frequency transformers. For the one with no high/or medium frequency transformers, the suggested WECU concepts are composed of PMSG interfaced by a three-phase diode bridge-rectifier cascaded with a singleswitch DC-DC converter in [2] - [4] , by a three-phase diode bridge-rectifier cascaded with an interleaved single-switch DC-DC converter in [5] , by a half-bridge or full-bridge voltage source converter (VSC) in [6] , by a thyristors-converter in [7] , and by a current source converter (CSC) with selfcommutated switches in [8] . In these architectures, lowvoltage active rectifier modules are employed in the wind farms to create a ''series distributed high-voltage DC collection grid''. The drawback of not having a high/or medium frequency transformer in the WECUs is that there is no galvanic isolation between the generators and the high voltage DC link.
The WECU concepts integrated with high/or medium frequency transformers seems to be more realistic design for the DC collection grids. In [9] , the WECU system integrates a wind-turbine, an induction generator, and a conventional three-phase VSC connected to an isolated single active bridge (SAB) DC-DC converter. With this concept, the excitation of the induction generator can become a problem as it cannot be achieved from DC grid or shore due to the passive diode bridge-rectifier. In [10] and [11] , the induction generator was replaced by a PMSG which is self-excited making the use of a passive diode bridge-rectifier unproblematic; this is depicted by Fig. 1b . With this concept, a single-stage geared wind-turbine can be used, thus reducing the heat dissipation from friction and regular maintenance.
Further emphasis should also be put on reducing the losses in the power converter itself. The study conducted in [1] , which employs the wind farm structure shows in Fig. 1 , observed that: a DC series wind farm of 10-MW rating has 10% more losses than the corresponding AC radial park, and it was found that the power converters were major contributors to the power losses.
In this paper, an alternative architecture of a wind farm with DC collection grid is analyzed. The DC grid is provided by the ''radial connection of converters'' as depicted by Fig. 2a . The topology of power converter or active rectifier in the WECUs consists of a three-phase half-controlled switch VSC connected to a SAB DC-DC converter, shown in Fig. 2b . The output power of the generator (or PMSG) is controlled by the switching of the half-controlled switch VSC, while the high-frequency transformer steps up the low-voltage signal output of the VSC to a medium voltage signal. The highvoltage level for the HVDC transmission purpose is built by an offshore step-up substation or offshore platform. The proposed active rectifier has a reduced number of controlled switches which operate at a high switching frequency, thus reducing the cost, control structure, and power losses. The proposed DC grid configuration or Fig. 2 is further compared to the ''series DC collection grid system shown in Fig. 1 in terms of cost, power factor, voltage/current ripple, power losses, and control performances. Fig. 1 and 2 show respectively the offshore wind farm structures with DC series and DC radial collection grid configurations. The two architectures are compared in this paper with respect to losses, costs, total input power factor, voltage/current ripple, and control performances. Both wind farms, i.e. Fig. 1 and 2 , are designed for 11 MVA and DC transmission voltage of 15 kV. The rating of each WECU on wind farm is 1.83 MVA and 2.5 kV output DC voltages; presently, most of wind energy conversion systems are built with about this power rating [12] . The DC link current and wind-generators output voltage/current are controlled to ensure maximum power transfer to shore. Thus, coordinated control systems are implemented in each WECU. The switching frequencies of both converter systems in Fig. 1b and 2b are assumed to be 5 kHz.
II. WECU: MODEL ANALYSIS AND DISCUSSIONS

A. WECU: TOTAL INPUT POWER FACTOR
The WECU scheme depicted by Fig. 1b is the most employed topology in the design of DC collection grids for wind farms. Therefore, this topology can be viewed as the reference model for further comparisons with the proposed scheme. Fig. 3 plots the voltage and current characteristics measured on the AC-side of the three-phase full-bridge VSC of Fig. 1b . As can be seen, the three-phase system is symmetrical and well balanced. The apparent power is given as about S = 1.83 MVA. The real power injected by the AC source is measured from the waveforms as P s = 1.67 MW, while the reactive power is calculated as Q s = S 2 − P 2 s = 0.75 MVar. The rms line current is also measured as I srms = 422 A. The total input power factor is obtained using equation (1) [13] . This equation includes two terms which are: the distortion power factor and the displacement power factor. The distortion power factor term is deduced as
with THD V and THD I obtained from the voltage and current spectrums sketched in Fig. 3 (d) and (e). No high-frequency harmonic component exists in the voltage signal, thus THD V = 0 in Fig. 3 (d) . However, small amplitudes of high-frequency harmonic components exist in the current signal, as a result of THD I = 15% in Fig. 3 (e) ; the different harmonic components (peak amplitude) resulting in the current signal are measured as: I 5h = 80 A, I 7h = 38 A, I 11h = 14 A, and I 13h = 7 A with h = 60 Hz. A distortion power factor DF = 0.99 and displacement power cos ϕ = 0.92 are obtained. Thus the total input power factor is calculated as PF = 0.91. P s = 1.71 MW, while the reactive power is calculated as Q s = 0.65MVar. The distortion and displacement power factors are obtained from equation (1) 
B. WECU: SYSTEM EFFICIENCY
In Fig. 1b and 2b , ifP wt,loss represents the total average power loss of a wind-turbine, gearbox and generator, including all accessories, and ifP c,loss is the total average power loss of the power converter, the total average power loss of a WECU system can be obtained using equation (2) .
The termP wt,loss in equation (2) is the same for the two variants presented in Fig. 1b and 2b . However, the termP c,loss changes with the configuration of the power converter. Thus, the efficiency of the WECU can be expressed as in equation (3) η =P in −P c,loss P in (3) whereP in is the average input power to the converter or the average output power of the PMSG. In order to evaluate losses in the power converters of Fig. 1b and 2b , non ideal switch models are included in the converter circuits; for example the ultrafast recovery VOLUME 6, 2018 switch models (e.g. Schottky) with the following characteristics [14] : switch conducting resistance r on = 0.08 ; diode forward resistance r fw = 0.06 ; the diode threshold voltage is approximately V th = 0.2 V. For similar power rating and operating condition, the average converter power loss and system efficiency are respectively obtained as:P c1,loss = 0.2151 MW and η 1 = 87% for the reference system or Fig. 1b  andP c2 ,loss = 0.0878 MW and η 2 ≈ 95% for the proposed system or Fig. 2b .
C. WECU: SYSTEM COST
In Fig. 1b and 2b , if C wt represents the total average price of a wind-turbine, gearbox and generator, including all accessories, and if C k is the total average price of a power converter, the total average price of a WECU system can be evaluated using equation (4) 
The term C wt in equation (4) is the same for the two variants presented in Fig. 1b and 2b . In fact, this term can be viewed as a constant. However, the term C k changes with the configuration of the power converter.
In Fig. 1b , the term C k includes the cost of ten controlled switches (or ten valves consisting of IGBT cells) and four diode modules. In Fig. 2b , the term C k includes the cost of seven controlled switches (or seven valves consisting of IGBT cells) and seven diode modules. Based on the study conducted in [15] , the price of a diode module is estimated to about 60% (US$) compared to the total price of an IGBT-valve including gate drivers. Thus, using equation (4), the total average cost of the proposed scheme (or Fig. 2b ) is about 90 % of the total average cost of the reference system Fig. 1b. Table 1 presents the steady-state characteristics of the two variants (i.e. Fig. 1b and 2b ) when they are exposed to the same operating condition and power rating. It can be observed that the proposed scheme or Fig. 2b presents a good performance compared to the reference system or Fig. 1a .
D. WECU: COMPARATIVE EVALUATION
III. DC COLLECTION GRID ANALYSIS A. STEADY STATE CHARACTERISTICS
For the wind farm with DC series collection grid shown in Fig. 1a , the series-connected converters build up a voltage V dc across the DC collector system given by V dc = k × V du as shown in Fig. 5 (a) ; where, V du is the DC voltage output of each WECU; and k is the total number of WECUs. The use of offshore platform in this architecture can be avoided, because the voltage high enough for the DC transmission line can be built up by increasingk. For example, the 15 kV DC voltage for the transmission line can be achieved by connecting six units in series, as depicted by Fig. 5 (a) . The steady-state characteristic of the DC current output of wind farm is also shown in Fig. 5 (b) , I dc = 500A.
In the wind farm with DC-radial collection system or Fig. 2a , the voltage across the DC bus or output of wind The rating of both wind farms presented in Fig. 1 and 2 can be given as S w = k × S u , where S u is the power rating of each wind conversion unit. For a 1.83 MVA WECU and 11 MVA wind farm, there would be 6 WECUs in each wind farm. In Fig. 1a , DC cables with capacity in excess of 500 A and rated voltage of 15 kV DC are needed for the internal DC links and DC transmission line. However, in Fig. 2a , DC cables with capacity in excess of 500 A/2.5 kV are needed for the internal DC links and 500 A / 15 kV DC for the DC 
B. FAULT CONDITION ANALYSIS 1) POWER FLOW IMBALANCE ANALYSIS
The power flow imbalances may occur for example when the offshore wind farm supplies less power than what it is expected by the load.
During the time of wind energy deficit, the load current decreases from steady-state point to about I dc(f ) = 250 A at t f = 0.05s, as shown in Fig. 7a . The effect of the windgenerating power deficit on the dynamic of voltage output of the wind farm is depicted by Fig. 7b ; a small % overshoot is noted at t f = 0.05s and then the voltage kept oscillating within <10% band.
For the proposed architecture or Fig. 2b , the load current and DC voltage characteristics during the time of wind energy deficit are depicted by Fig. 8a and 8b , respectively. It can be observed that the proposed wind farm structure presents almost similar performance compared to the reference system; a small % overshoot at t f =0.05s and a voltage variation within 10% band. 
2) UNIT BREAKDOWN ANALYSIS
In the case where a single unit is momentarily disconnected from the wind farm and being bypassed due to a fault condition; for example when the wind-turbine pitch angle is set to 90 degrees to stop the wind-power generation. The voltage across the fault-unit is V du = 0 V as shown in Fig. 9a . Fig. 9b shows the dynamic of the voltage output of the wind farm, which is significantly affected by the disconnection of a single unit; 17 % of voltage drop is noted. The characteristic of the load current output of wind farm is also depicted by Fig. 9c ; showing a decrease in load current (or power) due to cut-off of the supply voltage of a single unit.
A similar fault-condition is applied to Fig. 2a . The dynamic characteristic of the voltage output of the offshore platform is depicted by Fig. 10 . It can be observed that in terms of voltage drop the proposed wind farm configuration presents a good performance when compared to the reference system; a small voltage variation of less than 7% is noted.
IV. CONCLUSION
The operating performance of a PMSG based WECU integrated with the three-phase half-controlled switch VSC is investigated using PSim program. Actually, majority of studies employs the conventional three-phase full-bridge VSC in WECUs to replace the 50-/60-Hz power transformer. The drawbacks of using the conventional three-phase full-bridge VSC in WECU include high power loss, low efficiency, complex control scheme because of the large number of controlled switches, and high cost. However, the proposed WECU scheme, which integrates the half-controlled switch VSC, performs well in tracking the maximum active power with a displacement power factor of about unity. The harmonic resulting in the voltage/current signal is well mitigated. The system has a good total input power factor, low power loss and good efficiency. Moreover, the number of controlled switches is reduced, the control circuit is simplified and the system cost is reduced. Further, the proposed WECU scheme is applied into a DC radial collection grid; this performs well in comparison with the DC series collection grid which integrates the conventional three-phase full-bridge VSCs.
